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Introduction
Clinical response of port wine stains (PWSs) to laser therapy using currently accepted parameters (585 nm wavelength, 0.45 ms pulse duration, 5-10 mm spot diameter, single pulse) cannot be accurately predicted (Tan et al 1989 , Alster and Wilson 1994 , Morelli et al 1995 . Extensive histological analysis (Barsky et al 1980) , three-dimensional reconstruction of vascular anatomy (Braverman and Key-Yen 1983) , classification (Ohmori and Huang 1981, Shakespeare and Carruth 1986) , and analytical and computer simulations (Anderson and Parrish 1981 , van Gemert et al 1997 have not provided a conclusive answer as to why some PWSs respond poorly to laser treatment.
The purpose of this paper is to present a method for obtaining a three-dimensional histological reconstruction of a PWS. We describe a novel anatomical vascular structure that might adversely affect treatment outcome when using currently accepted laser parameters.
Materials and methods
A three millimeter diameter punch biopsy was excised from an informed, consenting thirty-year-old Caucasian female with a non-responsive, light-purple superficial PWS on Author to whom correspondence should be addressed. E-mail address: smithies@bli.uci.edu. 0031-9155/97/091843+05$19.50 c 1997 IOP Publishing Ltd the forearm. The excised PWS tissue specimen was embedded in paraffin, cut in 6 µm thick sections, and stained with hematoxylin and eosin. A colour video camera with a 640 × 480 element CCD array mounted on a microscope acquired images of seventy consecutive sections of the PWS tissue specimen. A 20× magnification was selected to resolve individual blood vessels while requiring a minimum of three overlapping images to record an entire section in one composite image (figure 1). Provided operator error is eliminated, two images can be sufficient to generate a complete composite image. However, three images were always used to ensure that the entire histological section was recorded. Interactive mouse-operated utilities were programmed for a commercial imagevisualization package, AVS (Advanced Visual System, Waltham, MA), which has been described by Upson et al (1989) . The programmed utilities (i) combined images, (ii) outlined and stored the position of the epidermal region and vessel circumference, and (iii) reconstructed the three-dimensional vasculature from the recorded position of the epidermis and vessels. The lines encompassing the epidermis and blood vessels for each composite image were rotated and translated so that the corresponding regions of consecutive sections coincided. From the entered lines, rotation and translation coordinates, the threedimensional histological reconstruction was formed with standard linear algebra techniques. The reconstruction was rotated and dissected to view features of interest.
The average relative fractional blood volume was calculated from the entered lines, rotation and translation coordinates, and is the normalized plot of vessel area as a function of depth. The depth was taken as the minimum distance between the vessel centre and basal layer. The area of each vessel was calculated by counting the number of pixels required to fill the region delineated by the entered circumference.
Results
In figure 2 , the image of a 2 mm (length) by 0.5 mm (width) by 1 mm (depth) region of the analysed PWS tissue specimen is shown from two points of view (figure 2(a) and (c)). In figure 2(b) , a small region at the centre of the reconstructed three-dimensional vasculature was taken and shown at an enlarged scale. Large feeding vessels that connect the subcutaneous tissue to the superficial vascular plexus are indicated (FV in figure 2(c) ). These vessels connect to many different points in the superficial vascular plexus and to other feeder vessels. The spatial distribution of blood vessels is non-uniform and multiple connected clusters of small diameter (10-50 µm) vessels may be distinguished ( figure 2(b) ). The 'void' on the right hand side of figure 2(a) and (c) is due to the presence of a hair follicle. Isolated features represent vessels that are located at the edge of the PWS tissue specimen and are present in only a few sections (figure 2(a) and (c)). The distinction between adjacent vessels is sometimes unclear when diameter and/or separation is less than 20 µm. The average relative fractional blood volume as a function of depth (figure 3) has a peak 200 µm below the air-epidermis boundary. The three-dimensional histological reconstruction of the analysed PWS tissue specimen indicates a superficial lesion where virtually all of the dermal blood volume is within 500 µm of the epidermal-dermal junction.
Discussion
The three-dimensional reconstruction technique presented here has provided a realistic representation of PWS vessel geometry, within the limitations of artefacts introduced by excision and processing of the tissue specimen. The reconstruction technique as implemented has minimal applicability as a routine diagnostic tool as approximately 50 h were required to enter the position and size of the vessels and epidermis for 70 consecutive histological sections. The technique is superior to standard histological analysis as the three-dimensional position of each vessel and epidermis is clear. Numerical analysis of the vessel size and position was carried out to give an accurate estimate of the average relative fractional blood volume as a function of depth. The PWS so analysed can then be classified, from which the appropriate laser dosimetry may be selected.
The three-dimensional histological reconstruction of PWS vascular anatomy revealed multiple clusters of small diameter (10-50 µm) blood vessels. We propose that this and similar structures, which have not been identified in the literature, may limit the efficacy of laser treatment of PWS. Analytical (Anderson and Parrish 1981) , numerical (Pickering et al 1989) and Monte Carlo modelling suggests that current laser treatment is adversely affected by small vessel conglomerates. First, heat deposition in individual vessels by light absorption in blood is significantly reduced by competition from the surrounding vasculature. Second, heat loss by thermal conduction, a significant effect for small diameter vessels, constrains the temperature increase as the heat generated is dissipated to surrounding dermal tissue. Consequently, few, if any, vessels within conglomerates will be photocoagulated, which may explain why this PWS was non-responsive to laser treatment.
Results from our three-dimensional reconstruction technique can provide a standard against which to assess non-invasive imaging techniques, such as transcutaneous microscopy (Shakespeare and Carruth 1986) , infrared tomography (Milner et al 1995) , and optical Doppler tomography (Chen et al 1997) .
Conclusions
Further study is required to clarify the role of vessel clusters in laser treatment of PWSs, and corresponding dosimetry to clear non-responsive lesions. We expect three-dimensional reconstruction of PWS vessels will provide the basis for (i) accurate PWS classification, (ii) guidance for selection of more effective laser dosimetry, and (iii) a standard against which to assess non-invasive diagnostic imaging techniques.
